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On the space-charge boundary layer inside the nozzle of a cutting torch
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A numerical study of the space-charge sheath adjacent to the nozzle wall of a cutting torch is
presented. The hydrodynamic model corresponds to a collision-dominated sheath and does not
assume cold ions, so drift-diffusion-type equations are used. Also an improved expression for the
ion-neutral momentum transfer is employed rather than the usual constant ion-mean-free-path or
constant ion collision frequency approximations. Assuming a constant electron temperature in the
sheath and neglecting the electron inertial term, the continuity and momentum equations for ions
and electrons, together with Poisson’s equation, were solved for the electric potential, ion velocities
(both normal and tangential components), and for the ion and electron densities. It was found that
both the ion and electron densities present a sudden drop at the sheath-plasma edge. The ion density
continues to decrease slowly inside the sheath, while the electron density presents a virtually zero
value everywhere inside the sheath, the electron thermal conduction flux to the nozzle wall being
negligible. These wall results thus become thermally isolated in spite of the high electron
temperature in its adjacency. For a nozzle biasing voltage close to the gas breakdown, it was found
that the electric field value is high, reaching a value of about 9 X 10° V m™! at the exit of the nozzle
wall. This value is higher than the average field value across the sheath and is on the order of the
breakdown threshold value. This means that an undesired sheath breakdown could occur at the
vicinities of the nozzle exit even if the average electric field across the sheath is not strong enough.

© 2009 American Institute of Physics. [DOI: 10.1063/1.3153147]

I. INTRODUCTION

Plasma cutting torches produce a highly constricted, hot,
and high velocity arc plasma jet between a cathode and a
workpiece acting as the anode. That plasma is created by a
narrow nozzle inside the torch, into which the gas is injected
at a high pressure.1 Although there is a widespread industrial
application of this technique, research efforts have appeared
more recently in order to understand the main physical pro-
cesses governing the phenomenon and to develop numerical
models for the plasma-gas structure that could guide in ad-
vanced designs of cutting torches.

A classical diagnostic technique that has been employed
to study cutting torches is charge collection through appro-
priately biased metallic conductors. This includes either elec-
trostatic (Langmuir) probingz’3 or simply the nozzle surface.*
For a proper interpretation of the results, this kind of diag-
nostics requires knowledge on the non-neutral plasma-
conductor boundary (sheath).

The problem of sheath formation at the plasma boundary
is of importance for nearly all applications where the plasma
is confined totally or partially to a finite volume by solid
walls.”® For high-pressure thermal plasmas, local thermody-
namic equilibrium (LTE), which usually holds in the plasma
bulk, is violated near solid surfaces (walls or electrodes). In
these regions the electron density is presumably much lower
than 10%* m™ (the lower limit for the existence of such equi-
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librium in a homogeneous plasma, according to Griem’s cri-
terion), and also very high temperature gradients may be
present over the last few electron Debye lengths from the
wall.*

When a plasma is in contact with a negatively biased
surface (with a biasing voltage on the order or lower than the
floating value), a strong electric field appears between the
non-LTE (NLTE) plasma and that surface. This sheath be-
comes positively charged, rejecting electrons from the
plasma and attracting ions to the negatively biased wall. The
typical thickness of the sheath as compared to the character-
istic lengths of the plasma (e.g., ion mean free path) deter-
mines the collisional degree of the sheath. Three regimes of
sheath behavior can appear in high-pressure plasmas. There
is a collision-dominated (i.e., mobility limited) regime when
the sheath thickness is larger than the ion mean free path, a
collisionless regime when the sheath is very thin, and a tran-
sition regime when both lengths are comparable. For the
collision-dominated regime, expressions that describe the
sheath are usually available for both cases of constant ion
mean free path and constant ion mobility.g’g In the opposite
limit, when ion collisions are negligible, Child’s law gives a
simple description of the sheath.'” The number of ion mean
free paths in the sheath needed to cause the transition from
the collisionless to the collision-dominated regime for the
constant mean-free-path model is only about one-half."

Usually in high-pressure weakly ionized plasmas the
sheath thickness is large compared to the ion mean free path,
and the sheath is collision dominated. Such a picture corre-
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FIG. 1. Schematic of the arc torch indicating several nozzle geometric
dimensions.

sponds to the space-charge sheath formed between the NLTE
plasma and the nozzle wall inside a cutting torch,! =116
Near the plasma-sheath boundary, the electric field acceler-
ating the ions toward the walls is negligible. Thus the fluid
velocity of the ions is small compared to their thermal mo-
tion, and the collision frequency is independent of the ion
fluid velocity. On the other hand, well in the sheath region,
the electric field accelerates the ions to velocities comparable
or larger than the thermal speed, and the collision frequency
becomes proportional to the ion drift velocity. There is a
smooth transition from a constant collision frequency of the
ions within the plasma at the sheath edge to an approxi-
mately constant mean free path of the ions in the sheath
regions close to the wall where high electric fields exist. The
smooth transition between these two ion collision approxi-
mations appears where the potential drop over an ion mean
free path becomes comparable to the ion thermal energy.l7

The sheath-plasma problem in a collision-dominated re-
gime was first studied in glow discharges, and most of the
works®#* 11822 congidered cold ions, neglecting the ion
pressure. The purpose of this paper is to present a collision-
dominated model (ion mobility-limited motion) for the hy-
drodynamic description of the boundary space charge in con-
tact with the nozzle wall inside a cutting torch. The model
does not assume cold ions, so drift-diffusion-type equations
are used. Also an improved expression for the ion-neutral
momentum transfer'” is employed instead of the quoted ion
collision approximations. The ion and electron densities,
electrostatic potential, and ion velocity distributions are cal-
culated inside the sheath. Boundary conditions for the nu-
merical solutions within this sheath are based on the experi-
mental plasma data previously obtained by the authors.* In
that work, the profiles of the sheath thickness, plasma den-
sity, and electron temperature at the sheath-plasma edge were
obtained along the nozzle for measured values of the arc
voltage and gas pressure.

The organization of this paper is as follows. In Sec. II
the fluid equations of the collisional sheath model are pre-
sented. The results from the numerical solutions are pre-
sented and discussed in Sec. III, and in Sec. IV conclusion is
derived.

Il. COLLISIONAL SHEATH MODEL

A schematic of the arc torch indicating several nozzle
geometric dimensions is presented in Fig. 1.* As it was
shown in Refs. 6 and 19-22, when both plasma and sheath
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FIG. 2. Schematic of the sheath formed between the NLTE plasma and the
nozzle wall.

are collisional, and the ionization inside the sheath can be
neglected (so the sheath is source-free), there is a smooth
joining between the plasma and the space-charge layer, thus
avoiding the need of a transitional sheath (the presheath). So
the sheath edge coincides with the unperturbed quasineutral
plasma. The model geometry showing the collisional space-
charge sheath contiguous to the negatively biased nozzle is
sketched in Fig. 2. Since the sheath remains thin as com-
pared to the nozzle orifice radius,” a planar geometry is used
(v and x are the normal and axial coordinates, see Fig. 2). At
negative nozzle potentials (on the order or lower than the
floating value), the electron density within the positive
sheath remains small as compared to the ion density, so the
sheath is considered source-free. The elastic mean free paths
for all species are much smaller than the sheath thickness,
and therefore the fluid description applies. Steady-state con-
ditions are assumed.

The governing equations23 are given by the ion continu-
ity equation,

V- (nar) =0, (1)
the electron continuity equation,
V- (n.it,) =0, (2)
and the ion fluid momentum equation,
M (i;- V)ig;= - V(nkT,) —en; V ¢+ nM(u, — ;) v;
3)

where i, is the electron fluid velocity and n, is the electron
density. i1;, n;, and M are the fluid velocity, density, and mass
of the ions, respectively. k is Boltzmann’s constant and 7}, is
the heavy particle temperature (ions and neutrals). ¢ is the
electrostatic potential and e is the electron charge. The last
term in Eq. (3) represents the drag force due to the collisions
between ions and neutrals. u,, is the neutral fluid velocity and
v; is the ion-neutral collision frequency for momentum trans-
fer.
The electron fluid momentum equation is

ng(i, - V)i, =-V(nkT,) +en,V ¢—n,mii,v,, (4)

where m and T, are the mass and temperature of the elec-
trons, respectively. v, is the effective collision frequency for
momentum transfer. Finally, Poisson’s equation relates the
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difference between ion and electron densities within the
sheath to the self-consistent potential,

80V2¢=_e(ni_ne)’ (5)

where g is the vacuum permittivity.

The inertial term can be usually dropped from Eq. (4)
because of the smallness of the electron mass. Then, consid-
ering the Einstein relation, Eq. (4) reduces to the total elec-
tron ﬂux,10

feEnelZe=ne/“LeV¢_Devne’ (6)

where the usually small thermodiffusion term (proportional
to —VT,) was neglected in Eq. (4) as compared to the diffu-
sion term."’ M, and D, are the electron mobility and diffusion
coefficients, respectively. If the nozzle potential is suffi-
ciently negative due to the high mobility of the electrons,
oppositely directed high diffusion and drift electron fluxes
approximately balance each other to yield a small resultant
total electron flux comparable to (or less than) the ion flux.

Hence I',~0 in Eq. (6) and the electron density inside the
sheath obeys the relation,m

ne:nexp[%}, (7)

e

where n=n;=n, and ¢, are the density and the electrostatic
potential of the plasma at the sheath-plasma edge, respec-
tively. The neutral particles are considered at rest (i.e., u;
>u,). To close the model, an expression for the ion momen-
tum transfer by elastic collisions must be established. Two
special cases are usually treated in literatures: "' constant
ion mean free path and constant ion collision frequency. In
the first case, the basic assumption is e|V|\;>kT), so the
ion drift velocity is much larger than the ion thermal veloc-
ity. Hence the drag force is modeled by —Mu;it/ \;, where the
ion mean free path \;= (n,,0)~! is constant (n, is the neutral
gas density and o is the momentum transfer cross section for
elastic collisions between ions and neutrals). The collision
frequency v;=u;/\; depends, in this case, on the ion fluid
velocity. In the opposite limit, the assumption e|V|\;
< kT, applies. With this condition satisfied, the ion fluid ve-
locity is much smaller than its thermal speed. The collision
frequency of the ions is thus determined by their random
thermal motion rather than their fluid velocity and thus v;
=\2uy/\;. In this relation, the ion thermal velocity is given
as uy=8kT;/(mM), and the constant ion collision frequency
is independent of the fluid velocity. The factor \2 is due to
the mutual motion of the ions and neutral assuming the same
temperature for both species.7 The drag force in this case is
given as —Mv;i1;. Both physical approximations assume that
the collision cross section is independent of the ion fluid
velocity (=5% 107! m?2).** At high pressures, for strongly
collisional sheaths, the constant ion mean-free-path approxi-
mation applies close to the wall where the electric field
strength is stronger. On the other hand, the constant ion mo-
bility approximation (constant ion collision frequency) is
physically more accurate at the sheath-plasma edge (where
the electric field is relatively weak). In the transition region,
the collision frequency is given by v;(u;)=/(v)+(v,)%"
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where v, and v, are the ion collision frequencies in the
quoted previous approximations. Following this approach,
the ion collision frequency can be written as

RS

\ru? + Zufh

x (8)

vi(uy) =

In spite of the collisional nature of the sheath, inelastic
electron collisions are very rare and also the electron energy
transfer to heavy particles by elastic collisions is small.
Therefore, it was assumed that 7,= const inside the sheath
with a value corresponding to the sheath-plasma edge value.

The model is now closed. In the limit of strong ion-
neutral collisions (i.e., the mobility-limited ion motion ap-
proximation), the collision parameter D/\; is large (D is the
sheath thickness). Using the data obtained in our previous
work,* D/\;~102. In such circumstances, Eq. (3) is simpli-
fied by neglecting the convective term on its left hand side.
Combining Egs. (1), (3), (5), (7), and (8), a system of
coupled partial differential equations for describing the
mobility-limited ion collisional sheath is obtained,

d(nu;) N d(nu;y)

=0, 9
ax ady ©)
d(nkT,) dd

———eni——niMul-xV[=0, (10)
ox ox
d(nkT, J
—M—eni—qb—n,-Muiyv,:O, (11)
dy dy

kT,

e

+ = 12
ax? (7y2 g9 (12)

n

Py Fo e {@ (e(¢—¢s)>]
n —exp s

where the ion collision frequency is given by Eq. (8). A
similar plasma-sheath model was presented in Ref. 11 for a
two-fluid (7, <T,, i.e., cold ions) uniform plasma but under
the above quoted extreme collisional approximations. The
present model is further complicated by the axial potential
drop along the arc column facing the equipotential nozzle
(see Fig. 2). Also for large ion temperatures (in this problem,
T; is comparable to 7,), the thermal ion flux to the wall
cannot be neglected; therefore, the diffusive term in Eq. (3)
must be considered.

To solve Egs. (8)—(12), appropriate boundary conditions
must be specified. In doing this, the profiles of the sheath
thickness, plasma density, and electron temperature at the
sheath-plasma edge, arc voltage, and gas pressure inside the
nozzle were taken from Ref. 4. For instance, a typical n
profile at the sheath-plasma edge is presented in Fig. 3. At
the nozzle wall (y=0), the voltage of the nozzle is known
(¢y). The sheath-plasma edge (y=D) coincides with the
quasineutral plasma, so n=n;=n, and the voltage distribu-
tion is the arc (variable) voltage [¢,..(x)]. Also the radial
electric field value at the sheath-plasma edge is very small,'”
hence (d¢/dy),-p=0. The ions enter the sheath from the
plasma with a velocity normal to the boundary surface given
by ;= ug(\;/Ap,) 2?2 where uy=\kT,/M is the Bohm ve-
locity and A, the electron Debye length at the sheath en-
trance. At the nozzle inlet (x=0) and exit (x=L,), open
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FIG. 3. (Color online) Plasma density profile at the plasma-sheath edge,
reprinted with permission from L. Prevosto, H. Kelly, and B. Mancinelli, J.
Appl. Phys. 105, 013309 (2009). Copyright 2009, American Institute of
Physics.

boundary conditions are assumed. So the quantities du;,/ dx,
du;y/ dx, dn;/ dx, and dep/ dx are conserved through these sur-
faces.

lll. NUMERICAL RESULTS AND DISCUSSION

The governing Egs. (8)—(12) were solved for the electric
potential, ion velocity (both components), and ion density by
integrating them numerically using a finite difference dis-
cretization technique in a 100 X 50 uniform grid. An iterative
method was adopted, which continued until the solutions of
the physical quantities reached the following criterion:

(n) _ (n=1)

X =107,

X

X(n)

with y being the n iteration of a generic variable y. This
convergence criterion was found to be sufficient since negli-
gible differences in the final solutions were found when
lower values for the convergence criterion were used.

For a 30 A arc current and an oxygen gas mass flow of
0.32 gs7! and ¢,=—153 V, a thin sheath with an almost
constant thickness of D(z)=21 um (see Fig. 4 of Ref. 4)
was formed between the plasma and the nozzle wall. The
resulting value of 7, in these conditions was 7,=5400 K. It
should be noted that the quoted nozzle bias potential value is
close to a gas breakdown situation (double arcing) in this
torch. This situation was chosen to look for a connection (if
any) between the undesired breakdown and some character-
istic of the sheath structure.

Linear distributions of the arc voltage and pressure (p)
inside the nozzle were assumed as in Ref. 4, ¢, (x)
=¢arc(0) +x[¢arc(l‘n)_¢arc(o)]/l‘n and p(-x) :P(O)+X[P(Ln)
-p(0)]/L,, where p(0)=0.55 MPa, ¢,.(0)==70 V, p(L,)
=0.10 MPa, and ¢,,.(L,)=-22 V. Since the plasma density
is very low, close to the wall, the neutral gas density can be
immediately obtained from the state equation with the as-
sumed values of the neutral temperature value close to the
wall (T;,=1000 K) (Ref. 4) and the p value (neglecting the
plasma pressure). Then the neutral density is given by n,
=p/(kT),). The ion velocity at the sheath entrance up
= KT,/ M(n,00\p;)”""> was also calculated taking into ac-
count the 7, values at the sheath-plasma edge (from Ref. 4)
and p.
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FIG. 4. (Color online) Spatial distribution of the electric field strength inside
the sheath.

In Fig. 4, the spatial distribution of the electric field
strength is presented. As it can be seen, the electric field
value is high, with the largest values along the nozzle wall,
varying from 6X10° V m™' near the nozzle entrance to
about 9 10° V m™! at the nozzle exit. This last value is
higher than the average field value across the sheath and is
on the order of the breakdown threshold value. This means
that an undesired sheath breakdown could occur close to the
nozzle exit even if the average electric field across the sheath
is not strong enough.

The spatial distributions of the ion and electron densities
inside the sheath are presented in Figs. 5 and 6. As it can be
seen in these figures, n; drops sharply near the sheath edge
and continues to decrease slowly, while the electron density
also shows a very steep drop near the sheath edge, with a
virtually zero value everywhere inside the sheath. The lack
of electrons inside the sheath implies that the electron ther-
mal conduction flux to the nozzle wall can be neglected. The
nozzle wall results thus become thermally isolated in spite of
the high electron temperature in its adjacency.

It was found that both ion and electron densities de-
crease when the electrostatic potential decreases. This behav-
ior of n; is due to the ion acceleration at an almost constant

Ton density [m” |

x 107~ [m]

2

1.5

0 1 2 3 4
x x107 [m]

FIG. 5. (Color online) Spatial distribution of the ion density inside the
sheath.
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FIG. 6. (Color online) Spatial distribution of the electron density inside the
sheath.

ion flux, while the n, behavior is due to the fact that the
electrons are related to the electric field according to Boltz-
mann’s equation [Eq. (7)].

IV. CONCLUSIONS

A numerical study of the space-charge sheath in contact
with the nozzle wall of a cutting torch has been presented.
The hydrodynamic model corresponds to a collision-
dominated sheath and does not assume cold ions, so drift-
diffusion-type equations are used (instead of low-power,
low-ionization degree discharges). Also an improved expres-
sion for the ion-neutral momentum transfer is employed
rather than the usual constant ion mean-free-path or constant
ion collision frequency approximations. Assuming a constant
electron temperature in the sheath and neglecting the elec-
tron inertial term, the continuity and momentum equations
for ions and electrons, together with Poisson’s equation,
were solved for the electric potential, ion velocities (both
normal and tangential components), and ion and electron
densities. The equations were numerically integrated using a
finite difference discretization technique in a 100X 50 uni-
form grid. Boundary conditions for the numerical solutions
were based on the experimental plasma data previously
obtained” for the plasma region adjacent to the nozzle wall.
In that work, the profiles of the sheath thickness, plasma
density, and electron temperature at the sheath-plasma edge,
and arc voltage, and gas pressure along the nozzle were de-
rived.

The obtained profiles of the ion and electron densities
inside the sheath are in good agreement with what is ex-
pected for every plasma-sheath surrounding a negatively bi-
ased solid body immersed in plasma and explain why a cop-
per nozzle with a relatively low melting temperature can be
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thermally isolated from the hot plasma by such a thin layer
of gas: the absence of electrons in the sheath makes the elec-
tron thermal conduction flux to the nozzle wall negligible.

The detailed calculation of the electric field values inside
the sheath allows predicting the possibility of a gas break-
down (according to Pashen’s law'”) in the region adjacent to
the nozzle. This eventual breakdown leads to double arcing,
which is known to be one of the largest drawbacks of cutting
torches. Moreover, the model results show that local values
of the electric field can be considerably larger than the aver-
age field value across the sheath, mainly close to the nozzle
exit. This means that an undesired sheath breakdown could
occur at the nearness of the nozzle exit even if the average
electric field across the sheath is not strong enough.
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